Study Design. Biomechanical analysis of muscle and spinal forces in a lumbar spine with scoliosis.
Progression of scoliosis deformity during growth is thought to be associated with asymmetric loading of the spine that produces asymmetric growth. It is assumed that a spine that is straight in the coronal plane is habitually loaded symmetrically, whereas a spine with scoliosis is asymmetrically loaded. Further, there is speculation that the asymmetric loading causes progressive deformity, especially while the spine continues to grow. The "vicious cycle" theory of scoliosis progression [1] [2] [3] proposes that scoliosis causes loading of the spine that is asymmetric in the coronal plane, and that vertebral growth and disc remodeling respond to the chronic presence of these asymmetric forces. Progression of scoliosis is observed to occur when there is rapid growth of the spine. 4 This notion that progression of spinal deformity results from mechanical modulation of growth that in turn produces asymmetrically wedged vertebrae and discs is intuitively attractive, and it provides a supposed rationale for scoliosis management with braces.
While qualitatively plausible, the vicious cycle theory lacks quantification of two crucial components: the magnitude of the loading distribution across discs and vertebral growth plates, and the growth and remodeling response to mechanical loading of the vertebrae and intervertebral discs. This paper focuses on quantifying the first of these presently qualitative elements.
Direct measurement of the loading asymmetry in the spine during functional activities has not been attempted because of the lack of instrumentation capable of providing this information in live humans with scoliosis. Therefore, mathematical modeling was used in this study to estimate lumbar spinal loading. Estimates of the spinal loading and muscle activation were performed for differing magnitudes and directions of external effort, and for differing degrees of scoliosis. The biomechanical problem of estimating spinal forces is indeterminate because of the redundant number of muscles. The trunk muscle activation strategy in persons with and without scoliosis is not known. In these simulations, we used an optimization approach in which the muscle activation strategy could control the degree of asymmetry of vertebral loading, subject to bounds on muscle force magnitude and constraints on the intervertebral displacements.
The goals of this study were as follows: 1) to find the plausible range of the spinal loading asymmetry in a spine with scoliosis; 2) to find whether there are muscle activation strategies that can produce symmetric frontalplane loading of the spine with scoliosis, or loading that might tend to reverse the deformity; and 3) to investigate the physiologic costs of differing muscle activation strategies in terms of muscle forces and the spinal loading.
Methods
A previously reported mathematical model of the lumbar spine and its musculature 5, 6 was used as the basis for this study. The spinal geometry was modified to represent five different magnitudes of scoliosis deformity (Figure 1 six motion segments of the lumbar spine (T12-L1 through L5-S1), and the muscles that cross those levels. The thoracic spine was not included, in order to avoid additional variables associated with the ribs.
The spinal and muscular geometry was based on that reported by Stokes and Gardner-Morse. 6 The initial spinal geometry (with sagittal plane curvature, but no scoliosis) was then transformed in order to produce five idealized scoliosis curves with increasing scoliosis magnitudes of 13°, 26°, 38°, and 51°C obb angle, apex at L2 as was done by Stokes. 2 For each deformed spine shape, the muscle end points were repositioned according to displacements and rotations of their associated vertebral attachment sites. It was assumed that each muscle's force-generating capacity was not altered by its altered length. Similarly, it was assumed that the flexibility properties of each motion segment were not altered in a deformed position.
The intervertebral motion segments were represented as "equivalent structures" consisting of a parallel beam and a truss with a rigid offset between them. 7 The stiffness values of this structure were obtained from stiffness measurements of adult human lumbar motion segments, tested with an axial preload of 500 N. 7, 8 The loading of the spine was analyzed for each of 12 external loading states in turn: positive and negative forces acting at T12 in each of the three principal directions relative to the global axis system, and positive and negative values of each of the three pure moments acting at T12. To obtain an initial reference for each external loading direction, the maximum possible effort for each loading direction was first calculated. These maximum effort conditions were obtained by an optimization calculation in which the objective function was to maximize the external force or moment. 5 These maximum efforts were calculated for each geometry representing increasing scoliosis deformity. Subsequently, the maximum effort values obtained at the maximum deformed geometry (51°Cobb angle) were used as the basis for subsequent simulations, since the maximum efforts at this maximally deformed geometry were found to be the lowest.
The subsequent simulations in each load direction were made for two load magnitudes: 50% and 75% of these maximum efforts. At each level of effort, simulations were performed for each of three different muscle activation strategies, represented by objective functions in the optimization calculations: Strategy 1. Minimize muscle stress: This strategy had the objective to minimize ⌺ m 3 , where m are the 180 muscle stresses. This strategy is thought to be compatible with maximizing the muscular endurance and provides a close match to empirical EMG data. 9 However, it does not take the loading of the spine into account.
Strategy 2.
Follower load: Here, the objective was to minimize the sum of the squares of the lateral bending moments (M y in Figure 2 ) at the midpoints between vertebral centers in all six motion segments of the lumbar spine, in addition to minimizing the sum of cubed muscle stresses (⌺ m 3 ). The moments were expressed in Nm, and the muscle stresses in MPa. If this moment objective is met, the loading distribution at the intervertebral discs in the frontal plane can be considered to be uniform (similar to the follower load in the sagittal plane, as described by Patwardhan et al 10 ).
Strategy 3. Curve correction: Maximize "self-correcting" lateral bend moments M y on motion segments above and below the curve apex (L1-L2 and L2-L3) and Min ⌺ m 3 . The moments were expressed in Nmm, and the muscle stresses in MPa. In all simulations, bounds were placed on muscle forces and intervertebral displacements according to physiologically plausible limiting values, as in Stokes et al. 5 The muscle stress bounds were 0 Ͻ m Ͻ 460 kPa; for intervertebral displacements, the bounds were Ϯ2 mm lateral shear, Ϯ5 mm AP shear, 5°flexion and extension, and Ϯ2°for lateral bend and axial rotation.
Calculations of unknown muscle forces for each of the loading directions, and each of the three muscle activation strategies (and subject to the above bounds), were performed using the MINOS optimization program (Operation Research Laboratory, Stanford University, Stanford, CA).
In evaluating the spinal loading, the force offset at each motion segment was defined as the lateral bending moment divided by the axial force magnitude M y /F z (Figure 2 ). The physiologic cost under each external loading and muscle activation strategy was defined as the muscle stress averaged over the 180 muscles in the model. The intervertebral compressive force averaged over the six motion segments was also calculated.
Results
The maximum external moments calculated for the spine without scoliosis (0°Cobb angle) were 102 and 195 Nm (flexion and extension), 150 Nm lateral bending, and 85 Nm axial rotation. The maximum forces were 907 N (push forwards), 888 N (push back), 883 N (lateral force), 3643 (push up), and 8986 N (push down). All these maximum efforts were reduced for the spine with 51°Cobb scoliosis (Table 1) . Subsequent analyses were made for efforts that were 50% and 75% of the maximum values calculated for the 51°Cobb configuration. The greatest reduction in effort for the spine with the 51°scoliosis was for the right axial rotation effort (effort reduced from 85 to 22 Nm). Since the effort was so much reduced for right axial rotation, there was no suitable basis for comparison of the submaximal efforts, so this effort direction was excluded from the subsequent analyses.
At 50% and 75% of the maximum efforts, Strategy 1 (minimize muscle stresses) predicted spinal loading whose offset from the intervertebral disc center moved toward the concave side of the scoliosis curve with increasing Cobb angle (Figure 3 ). This load offset was to the concave side of the vertebrae at the curve apex, compatible with growth modulation that would increase the scoliosis according to the vicious cycle theory. At 50% effort, for the 51°Cobb angle, the offset was Ϫ3.9 mm at L1-L2 and Ϫ6.1 mm at L2-L3, averaged over the 11 efforts that were considered. The corresponding offsets at 75% effort were Ϫ5.2 mm and Ϫ4.8 mm.
The follower load strategy (Strategy 2) predicted zero or minimal intervertebral lateral bending moments (and hence offsets) in all loading cases. However, the muscle recruitment pattern that achieved this follower load state required greater muscle stresses relative to Strategy 1 (Figure 4) , and correspondingly greater intervertebral compression force magnitudes ( Table 2 ). The mean increase in muscle stress, relative to Strategy 1, was 45% at 50% effort, and 42% at 75% effort. (These averages exclude values for the "push up" effort, since the muscle forces for this effort were in opposition to the resisted external force.)
With the curve correction strategy (Strategy 3), a correcting moment was achieved under all simulated conditions at the apex, and this was associated with asymmetric loading of the vertebrae that would reverse the vicious cycle. At 50% effort, for the 51°Cobb angle, the offset was 10.7 mm at L1-L2 and 7.2 mm at L2-L3, averaged over the 11 efforts that were considered. The corresponding offsets at 75% effort were 5.1 mm and 4.1 mm. Again, to achieve this objective, the mean muscle stresses were increased relative to Strategy 1. The increase averaged 46% at 50% effort and 48% at 75% effort, similar to the increases for Strategy 2. As in Strategy 2, the associated spinal forces (Table 2) were also increased.
Discussion
The strategy that only minimized cubed muscle stresses produced vertebral and disc loading asymmetry that would increase the scoliosis, according to the calculated offsets of the resultant forces acting though motion segments. The follower load strategy that minimized the magnitude of the intervertebral lateral bending moments was able to reduce these moments to zero, thereby creating a loading state that would produce no scoliosis progression according to the vicious cycle theory. With the follower load, 10 the load takes the same path relative to the vertebrae as the spine deforms, and the follower loading imposes minimal or zero moments about the spinal motion segments. It was also possible to simulate a muscle activation strategy (curve correction strategy) that would produce a correction moment and a loading asymmetry at the apex, compatible with reversing the presumed vicious cycle mechanism of curve progression. Strategies 2 and 3 that prevented or reversed the loads that would cause deformity progression had physiologic costs, associated with the additional spinal loads and muscle forces. The spinal force was generally more for Strategy 3 than Strategy 2 ( Table 2 ). Strategy 2 specified that the force offset at all anatomic levels be zero, whereas Strategy 3 reversed the force offset at two levels (the levels above and below the curve apex).
Several limitations of this study were associated with simplifications and assumptions made in the modeling analysis. Only the lumbar region was considered, to avoid complexities and lack of anatomic data for the thoracic region. The model representation of the motion segment behavior was based on in vitro studies of adult spines without scoliosis, and the elastic and structural behavior is probably altered by scoliosis deformity. Similarly, the analysis did not take into account the possible adaptive changes in muscles associated with their altered length and possible cross-sectional alterations in persons with scoliosis.
Several studies of the intervertebral discs in spines with scoliosis indicate that there are alterations that may be a result of asymmetric mechanical loading. Perié et al 11 reported a displacement of the nucleus toward the convex side of the curve, based on MRI imaging. Tissue composition and cell density differences between the concave and convex sides of apical discs 12 and altered protein synthesis rates 13 are thought to be a result of abnormal loading, but factors such as compromised metabolite and nutrient transport also contribute to reduced cell numbers and viability. 14, 15 Confirmation of the muscle activation patterns predicted by these modeling analyses is complicated by the difficulties of inferring muscle forces from electromyographic signals, especially when the muscles might be of asymmetric size, and have asymmetric fiber-type distributions. 16 Electromyography has provided somewhat contradictory evidence as to the changes in muscle activity with brace wearing.
17, 18 Wynarsky and Schultz 19 used an optimization approach to identify muscle activation patterns that could reduce the magnitude of a scoliosis deformity (as opposed to the spinal loading strategies investigated here). They found that spinal curvature and displacement could be reduced, but that the amount of correction was limited by the muscle activation intensity that could be achieved. One can speculate that different individuals with scoliosis adopt differing muscle activation strategies and that some strategies predispose to a spinal loading state that produces deformity progression during growth, while others do not. These simulations demonstrate that there are multiple plausible loading states that would result in a wide range of lateral bending moments in the motion segments, hence differing degrees of asymmetric loading of the vertebrae and discs. Some loading conditions might cause scoliosis progression, while others would not. The muscle strategies that appear to protect the spine from loads that are likely to cause deformity progression require a greater level of muscle activation, including antagonistic activation, with associated physiologic costs of increased muscle energy expenditure and overall spinal loading.
Key Points
• Asymmetric loading of the skeletally immature spine with scoliosis is thought to produce asymmetric spinal development and hence progressive deformity.
• A biomechanical analysis of three differing muscle activation strategies indicated that the spine's concave side could be more or less loaded than the convex side, depending on the strategy.
• The findings permit speculation that the probability of scoliosis progression would depend on an individual's muscle activation strategy, and suggest that conservative management could influence the mechanism of progression.
